[1] We conducted 228-year long, three-member ensemble simulations using a high resolution (60 km grid size) global atmosphere model, MRI-AGCM3.2, with prescribed sea surface temperature and greenhouse gases and aerosols from 1872 to 2099. We found a clear decreasing trend of global tropical cyclone (TC) frequency throughout the 228 years of the simulation. We also found a significant multidecadal variation (MDV) in the long term variation of Northern Hemisphere and Southern Hemisphere TC count in addition to the decreasing trend. The decreasing trend and MDV in the long term variation of TC count correspond well to a similar decreasing trend and MDV of upward mass flux averaged over the TC genesis region and active TC season. It has been shown that the upward mass flux decreases primarily because the rate of increase of dry static stability, which is close to that of surface specific humidity, is much larger than the rate of increase of precipitation, which is nearly the same as that of atmospheric radiative cooling. Thus, it is suggested that the decreasing trend of TC count is mainly caused by the decreasing trend of upward mass flux associated with the increasing dry static stability. Citation: Sugi, M., and J. Yoshimura (2012), Decreasing trend of tropical cyclone frequency in 228-year high-resolution AGCM simulations, Geophys.
Introduction
[2] Recent models consistently project a reduction of global tropical cyclone (TC) frequency in the future due to global warming, although there is a large uncertainty in the projection of regional TC frequency changes . On the other hand, observational studies based on the past historical TC data indicate that it remains uncertain whether there is a statistically significant trend in the long term variation of global TC frequency in the past . There are two major reasons for the uncertainty in the past TC frequency trend. One is that even if any past trend in TC numbers in response to anthropogenic global warming exists, it is not as large as the trend projected in the 21st century and it is relatively small compared with the natural long-term variations of TC frequency. Another reason for the uncertainty is the availability and quality of the historical observational records of TC frequency. For the North Atlantic region, where relatively reliable long historical TC records are available, some observational studies reported an increasing trend of TC frequency during the 20th century [Mann and Emanuel, 2006; Holland and Webster, 2007] . It was pointed out, however, that the increasing trend is significantly reduced if an adjustment is made for missing TCs in the record of pre-satellite years [Chang and Guo, 2007; Vecchi and Knutson, 2008] . Furthermore, Landsea et al. [2010] found that there is a slight decreasing trend for the Atlantic TC count, though it is not statistically significant, if the trend is considered only for TCs lasting more than two days along with an adjustment for the missing TCs.
[3] Considering the projected reduction of TC frequency in the future due to global warming, and uncertainty in the observed TC frequency trend in the past, it is interesting to examine how the models, which project a reduction of TC frequency in the future, simulate the past long-term variation of TC frequency. In the present study, we explore this issue using the results of a 228-year long simulation of Meteorological Research Institute global atmosphere model, MRI-AGCM3.2, which projected a significant reduction of future TC frequency [Murakami et al., 2012a [Murakami et al., , 2012b . We conducted 228-year long, three-member ensemble simulations using a high resolution (60 km grid size) MRI-AGCM3.2 with prescribed SST and GHG and aerosols from 1872 to 2099. We found a clear decreasing trend of global tropical cyclone (TC) frequency throughout the 228 years of the simulation.
[4] The remainder of this paper is organized as follows. Section 2 briefly describes the model and experiment. Section 3 and 4 present the simulated long-term variation of TC frequency and upward mass flux. In Section 5 we discuss a relation between the long-term variations of TC frequency and upward mass flux. Finally, a brief summary is given in Section 6.
Model and Experiment
[5] The model we used for the 228-year simulation is a high resolution (horizontal grid size of 60 km) version of the new Meteorological Research Institute (MRI) Atmospheric General Circulation Model, MRI-AGCM3.2 [Mizuta et al., 2011] . The model has 64 levels in the vertical with top at 0.01 hPa. The model was developed from the Japan Meteorological Agency (JMA) Global Numerical Weather Prediction (NWP) Model (http://www.jma.go.jp/jma/jma-eng/ jma-center/nwp/outline-nwp/index.htm) and shares many physical process subroutines, such as radiation scheme, PBL scheme, land surface scheme, and so on, with the NWP model, but some new physics schemes are incorporated. For MRI-AGCM3.2, we employed a new cumulus convection scheme developed by H. Yoshimura based on Tiedtke [1989] . This convection scheme considerably improved the climatology of tropical convection [Mizuta et al., 2011] . For stratiform cloud scheme, the Tiedtke [1993] cloud scheme is used. In this cloud scheme, cloud water and cloud amount are the prognostic variables. We do not use the subtropical marine stratocumulus scheme [Kawai and Inoue, 2006] used in the JMA NWP model. The direct effect of aerosols is calculated in the MRI-AGCM3.2, but indirect effect of aerosols is not considered in the present simulation.
[6] The 228-year simulation from 1872 to 2099 was conducted using the 60 km resolution version of the MRI-AGCM3.2 with prescribed sea surface temperature (SST) and atmospheric concentration of greenhouse gases (GHG) including CO 2 and aerosols. For the years from 1872 to 2003, the observed SST and sea-ice (HadISST1) [Rayner et al., 2003] [Meehl et al., 2007 ] models based on the IPCC Special Report on Emission Scenario (SRES) A1B scenario [Nakicenovic et al., 2000] are added to the de-trended observed SST from 1979 to 2003. In this procedure, the 25-year interannual variation of SST anomalies during 1979-2003 is repeatedly added to the CMIP3 SST projection for consecutive future 25-year periods. Similarly, the reduction of sea-ice is included based on the ensemble average sea-ice change projected by CMIP3 models. Historical and A1B scenario GHG data (http://data.giss.nasa. gov/modelforce/ghgases/GCM_2004.html) are prescribed in the 228-year simulation. We used 3-dimensional natural and anthropogenic aerosol data calculated by MRI Earth System Model [Yukimoto et al., 2011] based on historical and A1B scenario aerosol emission data. Aerosols from volcanic eruptions are not included except for the Mt. Pinatubo eruption in 1991. The three-member ensemble simulations were conducted using the same model, the same SST and GHGs and aerosols, but slightly different atmospheric initial conditions.
[7] The algorithm we used in the present study for detecting TCs in the model simulations is the same as the one used in Oouchi et al. [2006] , in which a TC center is defined as a gird point with local minimum of surface pressure, with relative vorticity at 850hPa above 3.5 Â 10 À5 sec À1 and with some other additional criteria. The algorithm is similar to the one used in Murakami et al. [2012a Murakami et al. [ , 2012b , but there are some differences in the threshold values used in selection criteria. As a result, the simulated TC counts are a little different. For example, the annual average global TC count for the present climate simulation for the period 1979-2003 is 71.9 in the present study, while it is 83.5 in Murakami et al. [2012b] in which the selection criteria is further adjusted so that the simulated TC count agrees better with the observed TC count (84.8).
Long-Term Variation of TC Count
[8] Figure 1 shows the long-term variation of TC frequency during the 228-year simulation from January 1872 to December 2099. The global TC count shows a clear decreasing trend (Figure 1a) . The average global TC count is about 83.0 during the last thirty years of 19th century, while it decreases to about 59.6 during the last thirty years of 21st century. The decreasing trend of the global TC count is À12.4/century. We can also see the decreasing trends in the long term variation of TC counts both in the Northern Hemisphere (NH) and the Southern Hemisphere (SH) (Figures 1b and 1c) . The decreasing trends of TC count in NH and SH are À8.7/century and À3.7/century, respectively.
[9] In addition to the decreasing trend, we can see a significant multidecadal variation (MDV) in both hemispheres. In the NH there are maxima of MDV at around 1990 and 1950 and minimum at around 1920-1940, while in NH and 80 years in SH. The MDV in the global TC count is not clear, because the MDVs in NH and SH are out of phase at around 1950. The MDVs in both the hemisphere are likely to be caused by the MDV of the SST prescribed for the 228-year simulation. It should be noted that we do not have MDV of TC counts in the 21st century, because the prescribed SST for the 21st century does not have MDV as observed in the 20th century.
[10] In Figure 1 , the inter-annual variation of TC count is plotted for one member of the three-member ensemble simulation by a thin curve, and the decadal variation is plotted for each member by thick smoothed curves. These short time scale variations are considered to be mainly associated with the SST variations on the same time scale. However, the three curves for the three ensemble members show a considerable difference in the decadal scale variations, even though the three members are forced by exactly the same SST. This indicates that the TC counts are not fully determined by the SST even on the decadal time scale. Therefore, it is appropriate to use the ensemble mean to examine the long-term TC count variation forced by the SST and the radiative forcing associated with the changes in GHG and aerosols. In the following section, we used ensemble mean data to explore the cause of the decreasing trend of TC counts.
Long-Term Variation of Upward Mass Flux
[11] In this section we examine the possible cause of the decreasing trend of TC count as shown in Figure 1 . Previous studies have indicated that the reduction of global TC frequency in the future due to global warming is closely related to the reduction of upward mass flux in the tropics [Sugi et al., 2002; Yoshimura and Sugi, 2005; Held and Zhao, 2011; Sugi et al., 2012] . One may argue that the reduction of TC count is the cause of the reduction of upward mass flux and not the result of it, because a substantial amount (3-11%) of tropical precipitation (and upward mass flux) is associated with TCs [Jiang and Zipser, 2010] . However, Zhao et al. [2012] estimated that the contribution from TCs to the changes in mass flux is not so large (0.15% mass flux change for 1% TC count change). Furthermore, Sugi et al. [2012] showed that primary reason for the reduction of upward mass flux is the increase in dry static stability due to global warming. They argue that the upward mass flux decreases because the rate of increase in dry static stability is larger than the rate of increase in precipitation.
[12] From an approximate thermodynamic equation in the tropics, we can derive the following relation between fractional changes in precipitation, stability and upward mass flux,
where w is upward mass flux (magnitude of upward p-velocity at 500 hPa), P is precipitation and S is dry static stability (potential temperature difference between 200h Pa and 850 hPa). Equation (1) indicates that upward mass flux may decrease even when precipitation increase, if the fractional increase in stability is larger than the fractional increase in precipitation. We examined the changes in precipitation, dry static stability and upward mass flux in the 228-year simulation, and found that the fractional increase in stability is indeed larger than the fractional increase in precipitation and upward mass flux is decreasing (see auxiliary material for further detail). 1
Relation Between TC Count and Upward Mass Flux
[13] We noted that the simulated upward mass flux starts to decrease at the beginning of 21st century (see auxiliary material), suggesting that the change in upward mass flux cannot explain the decreasing trend of TC counts during the 20th century as shown in Figure 1 . In order to further explore the possible relationship between the TC count and upward mass flux, we examine the relationship in the TC region and TC season. Figures 2a-2c shows the NH TC count in the NH active TC season (July-October) and the changes of upward mass flux averaged over the NH TC genesis region (ocean region between 5 N and 30 N) and NH active TC season. A similar plot for SH TC genesis region (ocean region between 5 S and 30 S) and SH TC season (January-April) is shown in Figures 2d-2f . The mean mass flux intensity plotted in Figures 2b and 2e indicates the mean intensity of the upward mass flux, while the total mass flux plotted in Figures 2c and 2f indicates the mean intensity of mass flux multiplied by the area of the upward mass flux. Thus, the changes in total mass flux include the changes in mean intensity of the mass flux and the changes in the area of the upward mass flux.
[14] In Figures 2b and 2c , we can see that both the mean mass flux and total mass flux show a clear decreasing trend corresponding to the decreasing trend of TC count shown in Figure 2a . In Figures 2b and 2c , the mean intensity and total upward mass fluxes calculated by equation (1) are also plotted. These mass fluxes agree well with the simulated mass fluxes. In Figures 2e and 2f , we also find that both the mean and total mass flux show a decreasing trend corresponding to the decreasing trend in TC count as shown in Figure 2d . In addition, we note a large amplitude MDV in the total mass flux in Figure 2f which corresponds to the MDV of TC count as shown in Figure 2d . As the amplitude of MDV is not large in the mean mass flux intensity, a variation in the upward mass flux area is mainly responsible for MDV, while the mean intensity change is mainly responsible for the decreasing trend. We also note that in Figures 2d-2f the mean intensity and total upward mass fluxes calculated by equation (1) agree well with the simulated mass fluxes as in Figures 2a-2c , indicating that the changes in mass fluxes are explained by the changes in precipitation and stability. Therefore, we can conclude that there is an excellent agreement between the long-term variation of TC count and upward mass flux not only in the decreasing trend but also in the MDV. This suggests that the decreasing trend of TC count is caused by the decreasing trend of upward mass flux associated with the increasing stability.
Summary
[15] We conducted 228-year long, three-member ensemble simulations using a high resolution (60 km grid size) MRI-AGCM3.2 with prescribed SST and GHG and aerosols from 1872 to 1999. We found a clear decreasing trend of global tropical cyclone (TC) count throughout 228 years of the simulation. We also found a significant MDV in the long term variation of TC count in NH and SH in addition to the decreasing trend. In order to explore the cause of the decreasing trend of TC count, we examined the long-term variation of upward mass flux. We can see a decreasing trend of tropical mean annual average upward mass flux during the 21st century, but the decreasing trend is not so clear in the 20th century. However, the decreasing trend and MDV is clearly seen if the mass flux is averaged over the TC genesis region and active TC season. It has been shown that the decreasing trend and MDV in the long term variation of TC count well correspond to a similar decreasing trend and MDV of upward mass flux averaged over the TC genesis region and active TC season.
[16] We examined a possible reason for the decreasing trend of upward mass flux. It has been shown that the upward mass flux decreases primarily because the rate of increase of dry static stability, which is close to that of surface specific humidity, is much larger than the rate of increase of precipitation, which is the same as that of atmospheric radiative cooling. Thus, it is suggested that the decreasing trend of TC count is mainly caused by the decreasing trend of upward mass flux associated with the increasing stability.
[17] So far, there is no observational evidence indicating a clear decreasing trend of global or hemispheric TC frequency as simulated by the model. We have noted that in our simulation the decreasing trend of western Northern Pacific TC count is the main contributor to the NH TC count decreasing trend, while the MDV in the North Atlantic TC count is mainly contributing to the MDV of NH TC count (figure not shown). Considering the large uncertainties in the regional TC frequency trend in the models as well as the observation, we should first compare the model simulation and observation in western North Pacific and North Atlantic regions, where relatively reliable long historical observation data are available. 
